Many pathways have been proposed as contributing to Huntington's disease (HD) pathogenesis, but generally the in vivo effects of their perturbation have not been compared with reference data from human patients. Here we examine how accurately mechanistically motivated and genetic HD models recapitulate the striatal gene expression phenotype of human HD. The representative genetic model was the R6/2 transgenic mouse, which expresses a fragment of the huntingtin protein containing a long CAG repeat. Pathogenic mechanisms examined include mitochondrial dysfunction; profiled in 3-nitropropionic acid-treated rats, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-treated mice, and PGC-1␣ knock-out mice; and depletion of brain-derived neurotrophic factor (BDNF) using heterozygous and forebrain-specific BDNF-knock-out mice (BDNF HET , Emx-BDNF KO ). Based on striatal gene expression, we find the BDNF models, both heterozygous and homozygous knock-outs, to be more like human HD than the other HD models. This implicates reduced trophic support as a major pathway contributing to striatal degeneration in HD. Because the majority of striatal BDNF is synthesized by cortical neurons, the data also imply that cortical dysfunction contributes to HD's hallmark effects on the basal ganglia. Finally, the results suggest that striatal lesions caused by mitochondrial toxins may arise via pathways different from those that drive neurodegeneration in HD. Based on these findings, we present a testable model of HD pathogenesis that, unlike most models, begins to account for regional specificity in human HD and the absence of such specificity in genetic mouse models of HD.
Introduction
Collaborative efforts by the HD research community have defined the striatal gene expression phenotype of human HD and mouse genetic HD models (Hodges et al., 2006; Kuhn et al., 2007) . This resource provides gold-standard human data against which animal models must be reconciled, plus comparative data on genetic HD models. Comparative studies found that genetic models correspond well with patient profiles, particularly for mRNAs that are decreased in HD striatum. Surprisingly, mice containing CAG repeats knocked into the endogenous huntingtin (htt) locus (Lin et al., 2001 ) and transgenic R6/2 mice that merely express mutant exon-1 of htt (Mangiarini et al., 1996) develop nearly indistinguishable striatal profiles (Kuhn et al., 2007) .
It is important to note that expression profiling genetic models does not test hypotheses regarding pathophysiology downstream from expression of mutant htt, nor does it reveal whether observed transcriptional changes are causal or responsive. However, the detailed molecular phenotype provided by expression profiling is potentially very powerful. We hypothesize that the human HD expression phenotype will be most closely replicated in vivo by models based on manipulation of early pathogenic events. Here we begin assessing potential pathogenic mechanisms of HD by comparing striatal gene expression from mechanistically motivated models to human HD and genetic models.
One mechanistic hypothesis suggests that medium spiny neurons (MSNs) are vulnerable to metabolic compromise (Browne and Beal, 2004) . Thus, we examine a HD model in which striatal degeneration is induced by systemic administration of 3-nitropropionic acid (3NP), an inhibitor of the mitochondrial electron transport chain (Brouillet et al., 2005) . For contrast, we reanalyze expression in a Parkinson's disease (PD) model based on another mitochondrial inhibitor, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) (Miller et al., 2005) .
Several proposed HD mechanisms involve brain-derived neurotrophic factor (BDNF) depletion (Zuccato and Cattaneo, 2007) . Wild-type htt regulates BDNF expression by sequestering the transcriptional repressor, neuron restrictive silencing factor (NRSF/REST), in the cytoplasm (Zuccato et al., 2001) . Mutant htt allows translocation of REST into the nucleus with attendant suppression of BDNF transcription (Zuccato et al., 2003) . Mutating htt also reduces efficiency of axonal transport (Gunawardena et al., 2003; Szebenyi et al., 2003; Gauthier et al., 2004; Trushina et al., 2004) . Because BDNF is primarily supplied to the striatum via anterograde transport down corticostriatal axons (Altar et al., 1997) , MSNs may be particularly sensitive to disrupted axonal transport. To explore the relevance of BDNF depletion to HD, we examine gene expression of Emx-BDNF mice, in which BDNF is conditionally deleted in cortical neurons (Gorski et al., 2003) .
Our analysis first compares HD and HD models to their appropriate controls to establish measures of differential gene expression. We then explore concordance of differential expression across models and species using a variety of statistical and bioinformatic techniques. This is done at the biological-pathway and gene-to-gene levels. Finally, we formally address whether levels of similarity with human HD are significantly different between the models overall and for several select groups of genes. Surprisingly, the BDNF knock-out model profiles are more similar to human HD than the other profiles, including those of mouse genetic HD models.
Materials and Methods
Tissue and arrays. Postmortem human tissue was gathered with ethical approval and permissions, dissected, and processed as specified (Hodges et al., 2006) . Four types of arrays were used in this study. The human samples were hybridized to HG-U133A arrays containing 22,283 probe sets (Affymetrix, Santa Clara, CA). The R6/2 and BDNF mouse samples were hybridized to Affymetrix MOE430A 2.0 arrays containing 22,690 probe sets. 3NP-treated rat samples were hybridized to Affymetrix RAE230 2.0 arrays containing 31,099 probe sets. The MPTP-treated mouse samples were hybridized to Affymetrix U74Av2 arrays containing 12,488 probe sets. Both the unprocessed array data and analysis for these systems are available at http://hdbase.org/cgi-bin/welcome.cgi or upon request. Image data for the human arrays can also be obtained from the GEO database GEO accession number GSE3790 (http://www.ncbi.nlm. nih.gov/geo/) or the EBI database Array Express accession number E-AFMX-6 (http://www.ebi.ac.uk/arrayexpress/). Affymetrix Microarray Suite 5 signals from PGC-1-␣ knock-out mouse data were downloaded from the GEO database, GEO accession number GSE5786 .
Treatment of 12-week-old Lewis rats with 3NP was via subcutaneous osmotic minipump, 54 mg/kg/d for 7 d. MPTP mice were treated, dissected, and hybridized as described (Miller et al., 2005) . The data from the 7 d posttreatment time point were used in our analysis because this time point provided a more robust expression phenotype than the 4 d posttreatment time point. Striatal tissue from 3NP-treated and untreated rats, R6/2 mice at 9 weeks of age, and BDNF mice at 5 weeks of age was dissected and placed into 5 ml polypropylene Falcon tubes, frozen on dry ice or liquid nitrogen, and stored at Ϫ80°C before RNA isolation.
Total RNA was isolated by adding 1 ml of Qiazol reagent (Qiagen, Valencia, CA) to each frozen sample and homogenizing the tissue with a Polytron for 40 s at medium speed. After precipitation and resuspension of the total RNA, residual salt and protein was removed with a Qiagen RNeasy kit per the manufacturer's instructions. RNA concentrations were determined by spectrophotometer. Two micrograms of rodent total RNA was used to synthesize biotinylated-cRNA for R6/2, BDNF, and 3NP samples using the Affymetrix single-cycle probe synthesis kit per the manufacturer's instructions.
Analysis of differential expression in HD. Affymetrix microarrays were normalized using Robust Multi-array Averaging. Analysis was performed using R version 2.3 and the Bioconductor packages affy and limma (http://www.bioconductor.org) (Gentleman et al., 2004; Smyth, 2005; Irizarry et al., 2006; R Development Core Team, 2006) . Differential gene expression in each system was assessed relative to unaffected or untreated controls using paired t tests. From the original HD and control human caudate samples, 26 Vonsattel grade 0 -2 cases and 26 controls were matched on age, RNA quality, and source (Hodges et al., 2006) . Random matching generated six transgenic-control pairs for R6/2 and BDNF models. One rat array failed to meet quality control standards; thus, the reported 3NP analysis consists of five random treated-untreated pairings. The MPTP analysis used random pairings of the four control and four 7 d posttreatment time point samples. Because the PGC1 mouse image files were not available for reanalysis, differential expression was examined using a two-sided t test applied to the MicroArray Suite 5 signal numbers, GEO accession number GSE5786.
Gene ontology analysis. For all array types, the gene ontology (GO) categories associated with each gene can be found in the supplemental material (available at www.jneurosci.org and http://hdbase.org/cgi-bin/ welcome.cgi). To determine p values for overrepresentation of GO categories, the number of differentially expressed probes ( p Ͻ 0.001) in each experiment pertaining to each GO category was tabulated. The tally of differentially expressed probe sets was evaluated relative to the total number of probe sets on the array pertaining to the GO category. A p value for overrepresentation was calculated using Fisher's exact test if the number of probe sets pertaining to the GO category was Ͻ10; otherwise a Pearson's 2 test was used. To examine the intersection of GO categories between any two particular systems, analysis was restricted to the GO categories common to both array types. The number of categories significantly ( p Ͻ 0.05) overrepresented in the first system, N 1 , and the second system, N 2 , was tabulated for all changes, then separately for HD increases and decreases. The statistical significance of the intersection between N 1 and N 2 was assessed as follows: for each system, 1000 random lists of probes of equal length to the number of significantly ( p Ͻ 0.001) differentially expressed probes in that system were generated. p values for overrepresentation of GO categories in these random lists were calculated as above, using Fisher's exact test or Pearson's 2 test. These calculated p values were used to rank GO categories in the random lists. The N 1 and N 2 most significant categories were selected from the ranked lists, and their intersection was tabulated. This process was repeated for each of the 1000 ϫ 1000 pairs of simulated probe lists to create a distribution of intersections. The p values reported in Table 2 and supplemental dataset 6 (available at www. jneurosci.org as supplemental material and at http://hdbase.org/cgi-bin/ welcome.cgi) represent the proportion of simulations with an intersection larger than the observed intersection of the model and human HD.
To give more weight to intersections of highly overrepresented GO categories, we ranked the common human and model GO categories by their p values for overrepresentation. The human and model ranks were then summed. Smaller summed ranks thus represent GO categories that are more significantly affected in the two systems under consideration. Table 2 shows the numbers of GO categories meeting two different summed-rank criteria. Summed-rank analysis was used because the different numbers of genes on the microarrays and the different N values in the model systems affect the p value calculations for overrepresentation in complex ways, thus preventing easy implementation of a single p value cutoff to identify common, highly overrepresented GO categories.
Gene-to-gene cross-species analysis. A complication of Affymetrix array design is that there is often more than one probe set associated with a gene. To simplify cross-species comparisons in those situations, only the statistics from the probe with the greatest evidence for differential expression in HD were retained. To facilitate contrasting of HD across species boundaries and array types, human, mouse, and rat gene orthologs were identified by using gene symbols supplied in the Affymetrix annotation build of July, 2006. These procedures condensed and merged the array data to 4992 genes common to the four array types.
In Figure 1 , the 4992 common genes were colored yellow if they increased in a system and met p Ͻ 0.001, blue if they decreased with p Ͻ 0.001, and black if they did not meet the p value criterion. Taking each system sequentially, separately considering increases and decreases in a system, all genes were ordered by their p value for differential expression.
In Figure 2 , the 4992 common genes are ordered by the p value for differential expression in the human HD expression profile. The most significant change was ranked n ϭ 1. Arbitrarily starting with the genes n Յ 25, the Pearson's correlation coefficient between human HD log ratios and HD model log ratios was computed and plotted for n Յ25-4992.
In Table 4 , human striatal genes were identified by paired comparisons of non-HD caudate to cerebellum and motor cortex . Genes meeting criteria of p Ͻ 0.001 for differential expression plus showing log ratios Ͼ0.6 in both comparisons were flagged as enriched in human caudate.
Empirical Bayesian analysis. Expression data from HD and PD models were combined by merging on the 4992 orthologs common to all four types of Affymetrix arrays and then performing a quantile-normalization between arrays. The differences between human and model log ratios were then computed. These differences of expression log ratios were analyzed using the linear model y ijk ϭ ␤ i0 ϩ ␤ ij ⅐ I ( j Ͼ 0) ϩ ijk . Here, y ijk is the difference of the log 2 ratios of the ith common gene, on the jth animal model ( j ϭ 0 -6 for human, R/2, BDNF HET , Emx-BDNF KO , 3NP, or MPTP, respectively), on the kth biological replicate. The term ␤ i0 is the effect of human HD (i.e., human HD vs human control) on the ith gene, and the ␤ ij are random deviations of the jth animal model where ␤ ij ϳ N(0, ␣ j ), ␣ j Ͼ 0 is a species-specific variance parameter, and all ␤ ij are independent. Informally, species for which ␣ j is smaller are more similar to human HD than species for which ␣ j is larger. The ijk are assumed to be normally distributed with uncorrelated errors, mean zero, and variance 2 . Our model is an empirical Bayes model in that we put a prior distribution on ␤ ij , estimating some of the parameters of this prior distribution based on the data at hand. Empirical Bayes methods have been used previously with microarray data, although usually to distinguish between genes that are or are not differentially expressed (Kendziorski et al., 2003) . In our model the estimation is much simpler, and, except for the size of the problem, estimation could be performed using standard mixed-effects models (Pinheiro and Bates, 2000) .
Statistical inference. An estimate ␣ j of ␣ j , which measures how similar the expression pattern of species j is to human HD, can be taken by the average of the squared ␤ ij , which is the mixed-model estimate of the ␤ ij . In this study, we present the ratio of ␣ j with Emx-BDNF KO as the denominator. A ratio greater than unity implies that a particular animal model is less similar to human HD than the Emx-BDNF KO , and a ratio less than unity implies that a particular animal model is more similar to human HD. Bootstrapped 95% confidence intervals are presented. Note that the lth bootstrap estimates ␣ j (l ) for all species are obtained simultaneously, so that they involve the same bootstrap sample of human arrays.
Results
The human HD profile used as the reference for the HD models was based on reanalysis of data obtained from postmortem samples of low pathological grades (Hodges et al., 2006) . The motivation for reanalysis was to establish a uniform analytical approach for human HD and HD models. Reanalysis results were essentially identical to the original analysis, with Pearson's correlations of log ratios r ϭ 0.99 and t-statistics r ϭ 0.98 (data not shown).
As a representative genetic model of HD, we chose the commonly used R6/2 mouse. Of all mouse genetic HD models analyzed to date, it provides the clearest gene expression phenotype at an early age. Although it expresses only the first exon of the htt protein and has an accelerated disease course, the R6/2 expression phenotype is not significantly different from the expression phenotype that full-length knock-in HD models develop late in life (Kuhn et al., 2007) . The R6/2 model was profiled at 9 weeks of age, approximately midway through disease progression. Profiling was done using newer generation microarrays at higher statistical power than the initial exploratory studies (Luthi-Carter et al., 2000 .
To test the ability of metabolic compromise to mimic HD, we profiled striata from rats treated with 3NP. To determine the impact of a metabolic insult with less severe effects on the striatum, we also reanalyzed a published profile of MPTP-treated mice (Miller et al., 2005) . MPTP is an inhibitor of mitochondrial electron transport complex I that preferentially kills dopaminergic neurons in the substantia nigra pars compacta (Smeyne and Jackson-Lewis, 2002 ). This causes parkinsonism as a result of depletion of dopamine in the striatum. MPTP is thus used to model PD. Both the mitochondrial inhibition and depletion of dopamine may affect striatal gene expression.
Finally, to assess the role attenuation of BDNF signaling may play in HD, we generated striatal profiles from 5-week-old Emx-BDNF KO mice having the BDNF gene genetically ablated specifically in the cortex through cre-lox recombination, and BDNF HET mice heterozygous for a BDNF null mutation (Gorski et al., 2003; Baquet et al., 2004) . BDNF is a neurotrophic factor that modulates neuronal survival, differentiation, and synaptic function (Bibel and Barde, 2000; Huang and Reichardt, 2001; Lu, 2003) . It is important to note that the Emx-BDNF KO mice show some phenotypic similarities to HD such as early MSN dendritic changes, late loss of striatal MSNs, and early onset of clasping without significant deficits in other tests of motor function (Gorski et al., 2003; Baquet et al., 2004) .
The complete analysis of differential expression in each system can be found in supplemental datasets 1-5 (these and all other supplemental data are available at www.jneurosci.org as supplemental material and at http://hdbase.org/cgi-bin/ welcome.cgi). An overview of differential expression is presented in Table 1 . Several general observations can be made from Table  1 . First, there were significant effects on the expression phenotype in every system. It was therefore possible to consider in each system large numbers of gene expression changes at a low falsediscovery rate. Second, the effects in the BDNF model were proportional to gene dosage, with the homozygous knock-outs showing more differentially expressed genes than the heterozy- Using a consistent analysis method, human HD, HD model, and PD model arrays were separately compared to matched controls to generate profiles of differential gene expression in each system. The type of Affymetrix array, the number of probe sets, and the percentage of probe sets meeting an arbitrary criteria of p Ͻ 0.001 for differential expression are displayed for each system. At this level of significance, the expected percentage of false positives would be ϳ0.1%. Inc., Increase; Dec., decrease.
gotes. Finally, changes in the 3NP-treated rats were skewed toward increases, whereas there were roughly equal proportions of increases and decreases in the other profiles.
In the analyses that follow, increasing and decreasing mRNAs and their associated gene ontology categories are often considered separately. This is because we are ultimately interested in the concordance between human HD and HD model. Furthermore, this begins to organize the mRNA changes identified in homogenized tissue. Because even low pathological grades of human HD are characterized by significant neuronal loss and astrocytosis in the striatum (Vonsattel et al., 1985) , intuitively mRNAs that appear to decrease in human HD are likely to be associated with neurons and neuronal functions. Similarly, mRNAs that increase in HD should tend to be associated with neuroinflammatory cells or cell types that are largely spared in HD, such as oligodendrocytes. The biological attributes implied in the expression phenotypes are of interest because they can be viewed in light of several hypotheses: mRNA changes may be pathogenic in and of themselves; they may be direct effects of a pathogenic mechanism such as transcriptional dysregulation; or they may be homeostatic and compensatory. Another valid hypothesis is that most of the expression changes are irrelevant byproducts removed from the primary pathogenic event(s). In this study, we do not attempt to categorize the mRNA changes according to these hypotheses; instead, gene expression changes are simply treated as a parts of a global molecular phenotype.
Gene ontology of differentially expressed genes in human HD and HD models
Biological themes in the profiles were objectively identified using GO. GO is a controlled vocabulary to describe attributes of gene products in terms of biological functions, processes, and cellular compartments (Ashburner et al., 2000) . Table 2 summarizes the total number of significantly affected GO categories in each system. Statistical significance of GO category overrepresentation in genes meeting a criterion of p Ͻ 0.001 for differential expression was assessed relative to what would be expected in equally sized, randomly produced lists of genes. Complete lists of statistically overrepresented GO categories for each system are found in supplemental datasets 1-5 (available at www.jneurosci.org as supplemental material and at http://hdbase.org/cgi-bin/welcome.cgi).
The main goal of this study is to compare the different models to human HD, but we briefly mention a few of the most significantly affected GO categories in the separate models. Table 3 shows the most highly overrepresented GO categories in each system. Themes in the categories overrepresented by genes having decreased expression in human HD include synaptic transmission, calcium/calmodulin signaling, mitochondrial function, and CNS development. Themes in categories overrepresented in genes having increased expression include mRNA splicing, transcription-related processes, and positive regulation of the I-␤/NF-␤ cascade. Within the R6/2 profile, decreased-expression themes include cholesterol/lipid biosynthesis, signal transduction, and calcium/calmodulin signaling, whereas increasedexpression themes include mRNA splicing, proteasome, lipoprotein biosynthesis, and cholesterol transport. The BDNF model shows decreased expression in calcium binding, signal transduction, ion transport, and ion channel categories, whereas increased expression categories include cholesterol/lipid biosynthesis and myelination. The 3NP profile is consistent with neuroinflammation, showing increases in immune response, response to wounding, defense response, and inflammatory response. The MPTP profile shows decreases in synaptic vesicle and exocytosis-related processes, and increases of mitochondrial components and complex I subunits. The latter may reflect compensatory mechanisms to counter the effects of the respiration-inhibiting toxin.
Comparison of human HD and HD models considering significantly affected GO categories
We next examined the intersection of significantly affected GO categories in human HD and the models, considering upregulated and downregulated categories separately. A discussion of statistical issues pertaining to intersections of significantly affected GO categories and differentially expressed genes can be found in supplemental text (available at www.jneurosci.org as supplemental material and at http://hdbase.org/cgi-bin/ welcome.cgi). The complete list of pairwise human-model GO-category intersections is presented in supplemental dataset 6 (available at www.jneurosci.org as supplemental material and at http://hdbase.org/cgi-bin/welcome.cgi). A simple count of categories in the intersection of GO categories represented by downregulated genes orders Emx-BDNF KO ϳ R6/2 Ͼ BDNF HET ϳ MPTP Ͼ3NP (Table 2) . A simulation-based method to assess the statistical significance of the intersections of downregulated GO categories showed that all models except the 3NP model attained statistical significance (i.e., p Ͻ 0.05 that intersections were larger GO categories common to the separate human and model system pairs were identified. N 1 is the number of these common GO categories significantly increased or decreased in human caudate. N 2 is the number of common GO categories significantly affected in the indicated model. The number of common GO categories significantly over represented in both human HD and the indicated model is shown. p values for intersections were estimated by computer simulation. The number of GO categories in the intersections with summed ranks less than two arbitrary criteria are also shown.
than expected by chance given the number of overrepresented categories in each model). GO category comparisons using upregulated mRNAs revealed fewer significant functional overlaps than did downregulated mRNAs ( Table 2) . Counts of GO categories common with human HD increases ranked 3NP Ͼ Emx-BDNF KO Ͼ R6/2 ϭ BDNF HET Ͼ MPTP. Here all of the models were significantly similar to human HD, except the MPTP model. The above analysis treats intersections between highly overrepresented GO categories as biologically and statistically equivalent to intersections between less overrepresented GO categories. A summed-rank analysis was therefore used to examine which model had more highly overrepresented GO categories in common with human HD. The number of GO categories with summed-ranks less than two arbitrary criteria are displayed in Table 2 . This analysis revealed that human HD and Emx-BDNF KO have more highly ranked downregulated GO categories in common than the other human-model pairs (Table 2 , supplemental dataset 6, available at www.jneurosci.org as supplemental material and at http://hdbase.org/cgi-bin/welcome.cgi). Human-model intersection totals among upregulated GO categories were not significantly different between the R6/2, 3NP, and Emx-BDNF KO models. The GO categories increasing both in human HD and the R6/2 model do contain two very high-ranking categories: cellular compartment, nucleus; and biological process, nuclear mRNA splicing via spliceosome (see Table 3 ). The summed-rank analysis also highlighted NADH dehydrogenase (ubiquinone) activity, which relates to electron transport chain complex I, as a category decreased in human HD but discordantly increased in the MPTP model (Table 3) . Concordance between MPTP and human HD tended to be in less highly ranked decreased GO categories (supplemental dataset 6, available at www.jneurosci.org as supplemental material and at http://hdbase.org/cgi-bin/welcome.cgi).
Comparing GO overlap between the models without regard for human HD shows, as might be expected, that the most significant overlaps are between the BDNF HET and Emx-BDNF KO models (supplemental dataset 6, available at www.jneurosci.org as supplemental material and at http://hdbase.org/cgi-bin/ welcome.cgi). By these analyses, it appears that the 3NP and MPTP models are outliers, whereas the two BDNF mutant genotypes and the R6/2 model are more similar to one another. Furthermore, the BDNF and R6/2 models all reflect changes seen in human HD striatum, with essentially the same functional categories driving the similarity (supplemental dataset 6, available at www.jneurosci.org as supplemental material and at http:// hdbase.org/cgi-bin/welcome.cgi). In summary, when considered as GO categories, the changes in gene expression observed in human HD caudate are best reflected by the snapshots of the BDNF and R6/2 models.
Similarity of differential expression in human and model HD on a gene-to-gene basis
Gene ontology is a useful tool for organizing and understanding expression profiles biologically. However, its annotations are made on the basis of incomplete knowledge about gene functions. GO may improperly group changes in the tissue profiles that actually occur in different cell types, although treating increases and decreases separately partially addresses this problem. Finally, because genes are often linked to multiple functional categories, GO may overstate the resemblance between two systems by counting items more than once. To mitigate these issues, we considered the expression profiles on a gene-to-gene basis.
One simple approach to comparing gene expression patterns is to identify genes that show the greatest statistical evidence for differential expression in a reference system and note whether changes in the other systems are concordant. After collapsing the array data to a common set of 4992 genes identifiable as orthologous (supplemental dataset 7, available at www.jneurosci.org as supplemental material and at http://hdbase.org/cgi-bin/ welcome.cgi), we separately consider the top 250 (an arbitrary number) decreasing or increasing genes in each system and show whether those genes met criteria of p Ͻ 0.001 for differential expression in the other systems (Fig. 1) . In Figure 1 , A1 and B1, the reference system is human HD. All of the models show concordance with the most significant decreases in human HD but it is clear that the greatest similarity is seen in the Emx-BDNF KO and R6/2 mice (Fig. 1 A1) . Regarding the most significant increases in human HD, only the 3NP and Emx-BDNF KO models show obvious concordance (Fig. 1 B1) .
In the other panels of Figure 1 , we examine whether the expression changes in the rodent models are symmetric with either human HD or the other models. Considering the most statistically significant decreases in the R6/2 mouse, initially they are concordant with human HD decreases but this concordance decays after the top 100 genes (Fig. 1 A2) . Comparing R6/2 with the other models, the BDNF model shows similarity in the decreasing genes and the 3NP model shows similarity in the increasing genes ( Fig. 1 A2,B2) . Moving to the BDNF model, both the heterozygous and homozygous knock-out mice are strong predictors of human HD decreases and good predictors of human HD increases ( Fig. 1 A3,A4,B3,B4 ). The 3NP model profile predicts only human increases ( Fig. 1 A5,B5) . The MPTP Parkinson's disease model had little predictive power for human HD or the HD models ( Fig. 1 A6,B6 ), an observation that tends to discount its similarity in the GO categories.
The above analysis gave particular weight to genes that met a p Ͻ 0.001 criteria for differential expression and ignores trends within less significantly affected genes. A more flexible approach evaluates the correlation between changes in human HD and HD models. Because we take the human profile as the reference, we ranked genes by their statistical significance of differential expression in human HD. This placed the HD changes in which we have the greatest confidence at the top of the list of genes. Beginning at the top and moving down, progressively increasing the set of genes considered, a correlation coefficient was calculated for the log ratios of expression in human HD and the models. In Figure  2 , it can be seen that all of the models showed positive correlation with human HD, indicating again that they all capture aspects of the expression changes occurring in HD. When more than a few hundred genes are considered, the statistical significances of the highest correlations in Figure 2 are extreme ( p Ͻ 10 Ϫ12 ). More importantly, as we consider more genes, and hundreds of genes may be considered in most models while still maintaining a low false-discovery rate (Table 1) , presumably the biological significance of the correlation with human HD increases as well. It is apparent from Figure 2 that within small lists of genes correlation is variable and no dominant model arises. However, after approximately the top 150 genes, correlation stabilizes, and the Emx-BDNF KO and BDNF HET animals emerge as having the strongest overall correlation with human HD. This pattern persists as correlations are calculated down the entire set of orthologs.
The same analysis was performed considering pairwise human-model correlations, because intersecting genes on only two types of arrays yields a larger set of orthologous genes than intersecting four types of arrays. This gave identical conclusions (data not shown). Finally, to put each model system in its best possible light, we considered the pure pairwise correlation with human HD when genes were ranked by the significance in the model system. Even then, when considering Ͼ200 genes, the BDNF system showed greater resemblance to the expression profile of human HD than the other systems (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material).
Statistical significance of the difference between models
Because each of the previous analyses indicated that gene expression in the Emx-BDNF KO model was as similar, if not more similar, to human HD than the other models, we formally tested all the models against the Emx-BDNF KO model to see whether the differences between models were statistically significant. Our method is applicable to any specified set of genes and is based on a comparison of ratios of estimates of variance parameters. A ratio Ͼ1 implies that a particular animal model is less similar to human HD than the Emx-BDNF KO model in that set of genes. A ratio Ͻ1 implies that a particular animal model is more similar to human HD. The statistical significance of the difference between the Emx-BDNF KO and the other model was assessed using an empirical Bayesian method to generate 95% confidence intervals for the ratio (Kendziorski et al., 2003) .
In Figure 2 , three points can be identified where the Emx-BDNF KO model may or may not be more similar to human HD than the other models. These are at approximately the top 50, 100, and 200 genes. Considering the top 50 or 100 human HD changes, as ranked by p values, the differences between the Emx-BDNF KO and the other models were not statistically significant (data not shown). At and beyond the top 200 human changes, the Emx-BDNF KO was the model most correlated with human HD (Fig. 2) . This correlation was statistically distinct from the R6/2 and MPTP models' correlation with human HD (Table 4) . Differences between the 3NP and Emx-BDNF KO model were indeterminate with this test in these sets of genes. Generally, the Emx-BDNF KO model had a greater resemblance to human HD than the other models when large sets of significant human HD changes were considered, and this held true whether increasing and decreasing genes were considered separately or together (Table 4) .
It could be argued that the profile of human HD, although of low pathological grades, still relies on samples with significant cellular pathology and loss. The human profile may thus contain mRNA changes unrelated to pathogenic mechanisms that obscure a more HD-proximal expression signature. Therefore, we examined several sets of genes that can be hypothesized to be more purely HD-etiologic. Because the classic pathology associated with HD is degeneration of MSNs, we examined the similarity between human HD and models within a list of 127 genes that showed enriched expression in human caudate, thus likely MSN markers (supplemental dataset 7, available at www.jneurosci.org as supplemental material and at http://hdbase.org/cgi-bin/ welcome.cgi) . Considering these genes, we found that the Emx-BDNF KO was significantly more similar to human HD than all of the other models except the BDNF HET (Table 4 ). The last set of genes we examined were the top 400 changes found in the R6/2 mouse, as these might be construed as earlier and more direct HD effects than those in the postmortem human profile. Surprisingly, even in this group of genes, the Emx-BDNF KO model was a better fit to human HD than the R6/2 model (Table 4) .
Discussion
The classical hallmark of HD is degeneration of the striatum. Neuroimaging reveals a more complex picture, showing that cortical sensorimotor degeneration occurs early in disease (Rosas et al., 2002 (Rosas et al., , 2005 . Consistent with this, microarray analysis of human HD found many expression changes in HD motor cortex, whereas frontal cortex and cerebellum showed, respectively, no and very slight differences from controls (Hodges et al., 2006) . Mechanistic hypotheses about HD must reconcile these patterns of neurodegeneration and dysfunction with the fact that huntingtin is homogeneously expressed throughout the brain (Strong et al., 1993) .
Most mechanistic studies have focused on cell-autonomous pathways of polyglutamine toxicity. However, confining mutant htt expression to MSNs does not lead to behavioral or neuropathological changes seen in other HD models (Gu et al., 2005 (Gu et al., , 2007 . This suggests a role for cell-cell interactions in HD pathogenesis. Our data indicate that depletion of cortical BDNF evokes major aspects of the expression phenotype of HD in the striatum. Importantly, even partial BDNF depletion is sufficient, because BDNF protein is reduced ϳ50% in the cortex of BDNF HET mice compared with wild-type (Gorski et al., 2003) , yet gene expression in P35 BDNF HET striatum is as good a match to human HD as the R6/2 model.
In adult-onset human HD, modest BDNF deprivation might occur over decades, perhaps becoming more severe with age, whereas the BDNF mutants lack BDNF from embryonic stages onward. Normally, BDNF expression is present at very low levels during and before the first postnatal week in the rodent anterior cortex but then increases rapidly during the second postnatal week (Baquet et al., 2004) , coincident with a major wave of corticostriatal synaptogenesis (Sharpe and Tepper, 1998) . Lacking this surge of BDNF expression, decrements of MSN dendritic length, spines, and soma size develop by P35 in the BDNF mutants (Baquet et al., 2004) . It is intriguing that the P35 expression profiles, presumably reflecting a blend of diminished corticostriatal connectivity and trophic deprivation, model the profile of the middle-aged HD brain. The similar mRNA expression changes argue that the MSNs in HD and BDNF-deprived environments suffer from similar insults.
It is possible that diverse stressors could lead to similar transcriptional responses in MSNs. To explore the specificity of our findings, we examined profiles of mitochondrial dysfunction, another proposed mechanism of HD pathogenesis. The 3NP profile appears substantially attributable to astrocytosis, a common component of HD, but not HD-specific or necessarily a significant feature of early HD (Vonsattal et al., 1985) . Because the 3NP regimen has been optimized to produce striatal lesions, it was surprising that reductions in striatum-enriched mRNAs associated with MSN dysfunction failed to appear. This may indicate that 3NP lesions arise via rapid apoptotic mechanisms. With only a small fraction of dysfunctional neurons present at one time, their contribution to the 3NP profile may be too small to detect. In the MPTP Parkinson's disease model, mitochondrial inhibition plus possible contributions from striatal dopamine depletion also failed to produce the changes in MSN markers repeatedly seen in HD expression profiles.
Recent studies have suggested that mutant htt interferes with the function of PGC-1␣, a transcriptional coactivator with a major role in regulating cellular metabolism (Puigserver and Spiegelman, 2003) . In a model linking transcriptional and metabolic hypotheses of HD pathogenesis, disruption of PGC-1␣-driven transcription leads to mitochondrial dysfunction and striatal neurodegeneration Weydt et al., 2006) . We examined the published striatal gene expression profile from 6-month-old homozygous PGC-1␣-knock-out mice, which may also have a developmental component to their phenotype, and confirmed reductions in mRNAs encoding mitochondrial proteins and electron transport chain components seen in human and mouse HD (supplemental dataset 8, available at www. jneurosci.org as supplemental material and at http://hdbase.org/ cgi-bin/welcome.cgi) . However, like the 3NP and MPTP profiles, it lacks effects on mRNAs associated with MSNs. The 3NP, MPTP, and PGC-1␣ profiles examined here suggest that mitochondrial dysfunction alone is insufficient to elicit the striatal gene expression phenotype of HD. In addition, the results indicate that diverse MSN stresses lead to distinct expression profiles, although additional work is required to fully explore this issue.
Manipulation of downstream pathways may only lead to partial similarity with the expression profile of human HD, whereas a model based on expression of mutant htt could reasonably be expected to comprehensively recapitulate HD. Indeed, there is significant similarity between R6/2 and human HD striatum (Kuhn et al., 2007) . This is just one of many observations supporting the relevance of mouse genetic HD models. However, reduction of cortical BDNF yields a more accurate striatal phenocopy than the R6/2 genetic model. To more thoroughly test this surprising observation, human-model correlations using 6-and 12-week-old R6/2 mice plus 22-month-old CHL2 knock-in mice were also examined (Kuhn et al., 2007) . Again, the heterozygous and homozygous BDNF mutants were more similar to human HD (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). Thus, our conclusions are not dependant on our choice of model or R6/2 age.
Looking beyond the striatum, data from many studies indicate that mouse genetic HD models do not recapitulate several features of human HD. Mice do not develop easily recognized phenotypes unless their CAG repeat greatly exceeds sizes seen in adult-onset human HD. In R6/2 mice, mRNA changes are equally abundant in cerebellum and striatum (Luthi-Carter et al., 2002) . This is clearly not the case in human HD (Hodges et al., 2006) . Finally, neither htt-fragment nor knock-in models exhibit preferential striatal degeneration to the degree seen in human HD (Menalled and Chesselet, 2002; Menalled, 2005) . Possible reasons for discrepancies between mouse and human HD include htt expression levels, physiological differences, and the size of the CAG repeat. These factors may shift the relative importance of cell-autonomous and intercellular pathogenic pathways. Mice with large CAG-expansions may more closely model human juvenile HD, which arises from longer CAG-expansions, tends to progress more rapidly, and shows wider pathology than the more common adult-onset HD (Squitieri et al., 2006) .
Although our studies do not address the relative influence of impaired BDNF transcription and transport caused by mutant htt, a model of striatal pathogenesis incorporating impaired axonal transport may explain the preferential neurodegeneration of MSNs observed in typical human HD and lack thereof in mice. A transport model is consistent with many identified protein-protein interactions of huntingtin (Kaltenbach et al., 2007) , its likely function in vesicle trafficking (Velier et al., 1998) , and observations that mutant htt can disrupt axonal transport (Gunawardena et al., 2003; Szebenyi et al., 2003; Gauthier et al., 2004; Trushina et al., 2004) . If mutant htt reduces efficiency of axonal transport, the net effect is likely to be influenced by axon length, analogous to electrical resistance in a wire. Thus, BDNFdepletion pathways may contribute more to HD etiology in large human brains than in small mouse brains, perhaps explaining the greater relative striatal vulnerability in human HD. We predict that as brain size increases, the striatal specificity of mutant huntingtin models will rise, and the length of the CAG repeat necessary to provoke HD-like pathology will fall. It is interesting that rats, which are several times larger than mice but not significantly more evolutionarily similar to humans, appear to show behavioral and neuropathological phenotypes with just 50 CAG repeats (Von Horsten et al., 2003) . Surveys of gene expression in the rat HD model and the sheep model under development would provide a direct test of this prediction.
A substantial literature argues that HD pathology develops via multiple pathways that may act synergistically. Our data support the hypothesis that reduced trophic support contributes importantly to striatal degeneration in human HD. The obvious clinical implication is that augmenting BDNF levels or activating downstream signaling pathways may be of therapeutic benefit. The abnormal phenotypes of young BDNF mutant mice make these, or similar lines, promising systems in which to develop BDNF delivery and augmentation methods, particularly because their phenotypes are not confounded by other pathogenic pathways. Canals et al. (2004) have shown that endogenous BDNF levels influence the onset and the severity of motor dysfunction in the R6/1 mouse HD model. They also demonstrated that administration of exogenous BDNF reversed the selective degeneration of enkephalin-positive neurons in the R6/1 striatum. A transport model of HD predicts that BDNF augmentation may have greater effects in human HD than preclinical studies on mice would indicate.
Expression profiling provides an objective method to compare and contrast animal models and human diseases, complementing more traditional methods for evaluating animal models based on neuropathology, biochemistry, and behavior. Given that diseases may undergo complex temporal progressions, assessment at different stages may be necessary to better understand both disease and the quality of a model. Nonetheless, expression profiling, coupled with the ability to perturb, in vivo, specific pathways hypothesized to play a role in disease via the creation of transgenic animals, chemical treatments, or silencing RNAs, should allow us to parse complex disease phenotypes into components arising from different pathogenic mechanisms. In vivo testing of which specific biochemical pathways are most relevant to disease will be useful in prioritizing therapeutic interventions for HD and other neurodegenerative diseases.
